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We propose novel quantum antennas and metamaterials with strong magnetic response at optical
frequencies. Our design is based on the arrangement of natural atoms with only electric dipole tran-
sition moments at distances smaller than a wavelength of light but much larger than their physical
size. In particular, we show that an atomic dimer can serve as a magnetic antenna at its antisym-
metric mode to enhance the decay rate of a magnetic transition in its vicinity by several orders
of magnitude. Furthermore, we study metasurfaces composed of atomic bilayers with and without
cavities and show that they can fully reflect the electric and magnetic fields of light, thus, forming
nearly perfect electric/magnetic mirrors. The proposed quantum metamaterials can be fabricated
with available state-of-the-art technologies and promise several applications both in classical optics
and quantum engineering.
Most natural materials interact weakly with the mag-
netic field of light at optical frequencies [1]. In fact, the
magnetic interaction energy −µ · B is typically about
two orders of magnitude (i.e. order of fine-structure
constant) smaller than its electric counterpart −p ·E,
whereby µ ≈ µB and p ≈ ea0 represent the magnitude
of the electric dipole moments, and e, a0, µB , denote the
elementary charge, Bohr radius, and Bohr magneton, re-
spectively [2]. However, two decades of progress in nano-
optics has brought about novel electromagnetic proper-
ties that are not available in natural materials. In partic-
ular, “metamaterials” created through synthetic arrange-
ment of subwavelength antennas [3–6] can now generate
magnetic functionalities at high frequencies [7]. Unfor-
tunately, material absorption and limits in nanofabrica-
tion have hampered reaching a high performance in the
optical regime.
Considering that natural atoms act as the smallest
and most fundamental optical antennas [8, 9], one can
also envision the construction of “quantum” metamateri-
als by synthetically arranging natural atoms or molecules
at distances smaller than an optical wavelength but much
larger than the characteristic length of electronic orbitals.
Indeed, a number of such proposals have emerged over
the past few years [10–23], but these have only consid-
ered metamaterials with electric response. In this Letter,
we show that a strong magnetic functionality can be ob-
tained from conventional atoms at optical frequencies.
In particular, we propose novel quantum antennas that
can enhance the decay rate of a magnetic emitter (i.e. an
emitter with magnetic dipole transitions) in their vicinity
by several orders of magnitude. We demonstrate that a
metasurface composed of the proposed antennas can act
as nearly perfect electric and magnetic mirrors and can,
moreover, strongly couple to a cavity mode independent
of its position.
Atomic dimer antenna.—Let us first consider an
atomic dimer consisting of two identical atoms with
electric dipole transition moments placed at ru/d =
(0, 0,±l/2) (see the inset in Fig. 1 (a,b); u,d stand for
up and down). We assume that the atomic response is
isotropic and linear, i.e. we consider the weak-excitation
limit. The electric polarizability of each atom amounts to
α (ω) =
−Γ02 α0
δ+i
Γ0
2
, where Γ0 is the radiative linewidth of the
atomic transition at frequency ωa while δ = ω−ωa  ωa
represents the frequency detuning between the illumina-
tion and the atom, α0 = 6pi/k3 and k is the wavenum-
ber [24]. We note that our discussion can be readily gen-
eralized to any other quantum emitter such as molecules,
color centers, quantum dots or ions with dipolar transi-
tions.
The atomic dimer antenna is illuminated by an x-
polarized plane wave Einc = E0eikzex propagating in the
z direction, where ex is the unit vector in the x direction,
E0 is the electric field amplitude, and k is the wavenum-
ber in free space. The induced volume current density
for the dimer antenna can be written as (see the Supple-
mentary Materials (SM) for a detailed derivation)
J (r, ω) = −iω0E0 [αdδ (r− rd) + αuδ (r− ru)] ex, (1)
where δ
(
r− ru/d
)
is the Dirac delta function and 0
denotes the free-space permittivity. The quantities
αu and αd are the effective electric polarizabilities
of the upper and lower atoms according to αu/d =
α
[
cos(kl/2)
D−
± i sin(kl/2)D+
]
. Here, D± ≡ 1±0αGxxEE (ru, rd)
with GxxEE (rd, ru) signifying the scalar Green’s function
of the Helmholtz equation in free space. Using a multi-
pole expansion of the induced current [25] and Eq. (1),
we obtain the induced electric and magnetic dipole and
quadrupole polarizabilities of the dimer antenna at r =
0 (see SM):
αed =
2α
D−
[
j0 (kl/2)− j2 (kl/2)
2
]
cos (kl/2) ,
αmd =
3α
D+
j1 (kl/2) sin (kl/2) ,
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2αeq =
12
k2
α
D+
[3j1 (kl/2)− 2j3 (kl/2)] sin (kl/2) ,
αmq = −60
k2
α
D−
j2 (kl/2) cos (kl/2) , (2)
where jn (r) is the spherical Bessel function and αed,
αmd, αeq, and αmq represent the electric dipole, magnetic
dipole, electric quadrupole and magnetic quadrupole po-
larizabilities, respectively. For small separations (l λ),
the higher order spherical Bessel functions are negli-
gible, i.e. j2 (kl/2) ≈ 0 and j3 (kl/2) ≈ 0. Thus,
αmd ≈ k2/12αeq and the magnetic quadrupole polariz-
ability can be neglected, i.e. αmq ≈ 0. Once the induced
dipole and quadrupole polarizabilities are obtained, the
total scattering cross section (Csca) of the atomic dimer
can also be calculated (see SM):
Csca =
k4
6pi
(
|αed|2 + |αmd|2 + 3
5
∣∣∣∣k212αeq
∣∣∣∣2
)
. (3)
Near-field coupling of the electric dipole transitions of
two individual emitters has been explored in various sys-
tems [26, 27] and is known to lead to symmetric (superra-
diant) and antisymmetric (subradiant) states. The black
curve in Fig. 1(a) shows Csca for the subradiant state as
a function of the frequency detuning for two atoms sep-
arated by l = λa/10. In this case, the electric response
of the dimer antenna becomes negligible, but it exhibits
both magnetic dipolar (see right vertical axis) and elec-
tric quadrupolar responses with αeq ≈ 12k2αmd (see SM).
The inset in Fig. 1(a) illustrates the magnetic field dis-
tribution for this antisymmetric mode under plane wave
illumination, where a strong magnetic field testifies to
an optically induced magnetic response. The left vertical
axis in Fig. 1(b) shows Csca as a function of the frequency
detuning for the symmetric mode, where the two atoms
oscillate in phase. The right vertical axis plots the elec-
tric dipolar response of the antenna structure, while the
inset shows that the magnetic response is negligible in
this scenario.
Enhancing magnetic transitions— The strong mag-
netic field generated in the atomic dimer (see Fig. 1(a))
prompts us to inquire whether it can act as a magnetic
antenna to enhance the decay of a test magnetic dipole
moment µt placed at the origin. Using the normalized
local density of states (NLDOS) of the system (see SM),
one can arrive at the antenna-modified decay rate Γant
given by
Γant
Γ0
= 1− 20α0αIm
[
g2EM (r0, ru) + g
2
EM (r0, rd)
1 + 0αGxxEE (ru, rd)
]
,(4)
where gEM (r, r′) = − 320α0 eiζ
(
1
ζ +
i
ζ2
)
is the scalar
electro-magnetic Green’s function in free space and ζ =
k |r− r′| (see SM). Figure 2(a) plots the calculated mag-
netic decay rate enhancement for both symmetric and
antisymmetric modes. We find that the decay rate can
be enhanced by five orders of magnitude at l ≈ λa/20
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FIG. 1. Atomic dimer antenna: Optical response of two
atoms placed at z = ± l
2
(see insets) as a function of de-
tuning at the antisymmetric (a) and symmetric (b) modes of
the composite system, respectively. Left vertical axes (black):
total scattering cross sections normalized to the free-space
value 3
2pi
λ2 for a two-level atom on resonance. Right vertical
axes (orange and blue): The real (solid curves) and imagi-
nary (dashed curves) parts of the induced effective polariz-
abilities calculated using Eq. 2 and for l = 0.1λa. Insets
display normalized total magnetic field distribution for each
case. The antisymmetric mode exhibits both magnetic and
electric quadrupole response which lead to a larger total cross
section than the symmetric mode [28].
for the antisymmetric mode. However, for the symmet-
ric mode the decay rate is even slightly decreased below
its unperturbed value (i.e., Γant < Γ0) because of the
weak magnetic response of this mode (see the inset in
Fig. 1(b)).
To achieve even larger enhancements, one can devise
an atomic tetramer antenna, consisting of four identical
atoms with electric polarizability α (see Fig. 2(c)). Fig-
ure 2(a) shows the enhancement of the magnetic tran-
sition rate for this case (see SM). We note that fab-
rication of quantum metamaterials in these configura-
tions is readily within reach since the distances involved
are well beyond atomic and molecular spacings in natu-
ral substances (e.g. λa/20 corresponds to several tens of
nanometers). A particularly interesting class of materi-
als for these applications are rare earth ions with weak
magnetic dipole transition [29, 30]. New efforts on the
implantation of ions using ion traps or other bombard-
ment strategies [31, 32] allow precise doping of various
host materials.
Electric and magnetic mirrors based on atomic bilayer
metasurfaces.— It has been shown that optimal opti-
cal coupling to a two-level atom requires mode match-
ing between the incident light and that of the field ra-
diated by the atom [8]. It is, thus, found that a dipolar
3𝑙 / 𝜆𝑎
(a)
Γ a
n
t
/
Γ 0
p
𝑙/2
𝑙/2
p 𝜔𝐴𝑆
p
𝑙/2
𝑙/2
p
sy
m
m
et
ri
c 
m
o
d
e
𝜔𝑆a
n
ti
sy
m
m
et
ri
c
m
o
d
e
(b)
𝑧
𝑙/2
𝑙/2
𝑙/2
𝑙/2
p
p
p
p 𝑥
atomic tetramer(c)atomic dimer
𝜇𝑡 𝜇𝑡
𝜇𝑡
FIG. 2. Enhancing the decay rate of a magnetic transition:
(a) Enhanced decay rate of a magnetic dipole emitter placed
in the middle of an atomic dimer antenna for the symmetric
(blue), antisymmetric (red) modes and an atomic tetramer
(purple) as a function of the antenna length l. The tetramer
antenna is composed of four identical atoms placed at r1,2 =
∓l/2 ez, r3,4 = ±l/2 ex. (b,c) Schematics of an emitter with
magnetic dipole moment µt placed in the middle of an atomic
dimer (b) and tetramer (c).
wave can be perfectly reflected by a single two-level atom
with a dipolar transition. Similarly, it has been shown,
both theoretically and experimentally, that a planar two-
dimensional array of atoms acts as a nearly perfect elec-
tric mirror for a plane-wave illumination [11, 12, 23].
Now, we show that a periodic planar arrangement of our
dimer antennas, which we call atomic bilayer metasur-
faces (ABM), can act as both electric and magnetic mir-
rors (see Fig. 3(a,b)).
Let us illuminate an ABM by an x-polarized plane
wave propagating in z-direction, Einc = E0eikzex. The
field reflection and transmission coefficients are given by
(see SM)
r =
ik
2Λ20E0
(
peffd e
−ikl/2 + peffu e
ikl/2
)
,
t = 1 +
ik
2Λ20E0
(
peffd e
ikl/2 + peffu e
−ikl/2
)
, (5)
where peffu and peffd are the effective electric dipole mo-
ments of the upper and lower layers, respectively and
can be calculated as[
peffd
peffu
]
=
[ 1
0α
− Cdd −Cdu
−Cud 10α − Cuu
]−1 [
Ei (rd)
Ei (ru)
]
(6)
with
Cdd =
∑
n, n 6=0
GxxEE (rd,0, rd,n) (7)
Cdu =
∑
n
GxxEE (rd,0, ru,n) , (8)
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FIG. 3. Atomic bilayer metasurface (ABM): (a) Schemat-
ics of an ABM. (b) The symmetric and antisymmetric modes
corresponding to the electric and magnetic mirrors, respec-
tively. (c) Intensity reflection coefficient R as a function of
layer separation l and frequency detuning ω−ωa for an ABM
with periodicity Λx = Λy = λa/2. (d) Intensity transmission
and reflection coefficients corresponding to a cut through (c)
at l = 0.1λa. Solid curves: analytical results for an infinite
array with plane wave illumination. Symbols: Numerical cal-
culations for a finite array with 15×15×2 atoms illuminated
by a Gaussian beam. (e) The real and imaginary parts of the
effective induced dipole moments of different layers. (f) The
real and imaginary parts of the effective electric and magnetic
polarizabilities.
denoting the interaction constants between atoms in the
upper and lower layers, respectively. For identical atoms,
the interaction constants are symmetric, i.e. Cud = Cdu
and Cuu = Cdd.
For lossless atoms (i.e. no nonradiative loss), the imag-
inary part of the interaction constants can be calculated
exactly by using the conservation of energy principle [see
SM],
Im [Cdd] =
k
2Λ20
− 1
0α0
(9)
Im [Cdu] =
k
2Λ20
cos (kl) , (10)
while their real parts are calculated numerically. Fig-
ure 3(c) shows the reflectivity of an ABM as a function
of the frequency detuning and the distance between the
two layers. It can be seen that the array fully reflects the
impinging light at both asymmetric and antisymmetric
resonance frequencies. In Fig. 3(d), we plot the reflection
and transmission of a plane wave incident on an infinite
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FIG. 4. Atomic metasurface inside a planar cavity : (a)
Schematics of a cavity and an atomic monlayer metasurface
(AMM). (b) Transmission of the cavity loaded with the AMM
as a function of its position inside the cavity (D) and detun-
ing. (c,d) Same as (a,b) but for an atomic bilayer metasurface
(ABM). The quality factor of the planar cavity is taken to be
Q ≈ 8.7× 103, γc ≈ 103Γ0 and Lc = 3λa.
array for l = λa/10 calculated using Eq. 5 (solid lines).
The symbols in Fig. 3(d) present the results obtained
for a finite array of 15 × 15 × 2 atoms and a Gaussian
beam illumination (a possible experimental situation) by
integrating the Poynting vector for the scattered and in-
cident beam [see SM]. We find that the results for the
two illuminations (i.e. Gaussian and plane wave) agree
very well.
We now provide more insight into the working of the
ABM in Fig. 3(e,f). As displayed in Fig. 3(e), the ef-
fective induced dipole moments of the upper and lower
layers are out of phase at the antisymmetric mode, i.e.
peffu ≈ −peffd ≈ 1.70α0E0. Figure 3(f) displays the effec-
tive electric and magnetic polarizabilities of the atomic
metasurface, which can be calculated by using
αeffed =
peffd + p
eff
u
0E0
cos (kl/2) , αeffmd = i
peffd − peffu
0E0
sin (kl/2) .
It follows that the the antisymmetric resonance of the
ABM supports an effective magnetic response αeffmd ≈ iα0,
while αeffed ≈ 0. Together with a reflectivity r ≈ 1, this
implies that the bilayer metasurface acts as a nearly per-
fect atomic magnetic mirror at its antisymmetric res-
onance. At the symmetric mode, however, the atoms
in the upper and lower layers are in phase such that
peffu ≈ peffd ≈ 0.5i0α0E0, leading to an effective electric
response, i.e. αeffed ≈ iα0, but αeffmd ≈ 0 (see Fig. 3(f)).
Therefore, the array acts as a nearly perfect atomic elec-
tric mirror with r ≈ −1 (see SM for a Gaussian beam
excitation).
Atomic monolayer/bilayer metasurfaces in a cav-
ity.—Optical cavities are commonly used to enhance the
interaction of light with matter. The maximum inter-
action occurs when an atom with an electric (magnetic)
transition dipole moment is placed at the maximum elec-
tric (magnetic) field. In other words, the interaction
strongly depends on the position of the atom inside the
optical cavity. The proposed atomic bilayer metasurface
can overcome this problem due to the combination of its
strong electric and magnetic response to light.
Figure 4 depicts a planar cavity consisting of two mir-
rors separated by Lc, whereby the transmission of the
bare cavity is assumed to reach unity at ω = ωc, i.e.,
there are no absorption or scattering losses in the cavity.
Now, we investigate the interaction of the cavity with
an atomic metasurface placed at a distance D from its
center for i) an atomic monolayer metasurface (AMM),
and ii) an ABM (see Fig. 4(a,c)). The cavity linewidth
γc is assumed to be much larger than that of the AMM
resonance (γc ≈ 103Γ0). The calculated transmission is
plotted in Fig. 4(b) for the AMM as a function of the
frequency detuning and metasurface position D. It is
seen that one reaches strong coupling at D = 0, but
the resonance splitting decreases with increasing D. The
transmission changes periodically by varying the position
D of the metasurface. At D = λc/4 there is no longer
a splitting due to a vanishing electric field. At ω = ωc,
transmission is zero (see SM, section IV) because the first
cavity mirror and the AMM (which is a nearly perfect
electric mirror at the cavity frequency, i.e. rAMM = −1)
form a new cavity.
For an ABM, however, strong coupling can be main-
tained at all positions inside the cavity (Fig. 4(d)). While
at D = 0, the cavity only interacts with the symmetric
mode due to the maximum electric field inside cavity, at
D = λc/4 the cavity only couples to the antisymmetric
mode. At intermediate positions, where 0 < D < λc/4,
the cavity couples to both symmetric and antisymmetric
modes.
In conclusion, we have demonstrated that synthetic ar-
rangements of natural atoms with only electric dipole
transitions can support both electric and magnetic re-
sponses at optical frequencies. Since the interatomic dis-
tances required for our proposed designs are well above
ten nanometers, our proposed quantum metasurfaces can
be experimentally realized in both the gas and solid
phases using a range of available methods in cold atom
manipulation or implantation strategies. In particular,
our proposal lends itself to applications based on natu-
ral species with weak magnetic dipole transitions, e.g.,
rare earth ions, (See Refs [33, 34]). For instance, Eu3+
with a magnetic transition (5D0 →7 F1) at 584 nm and
a linewidth of about 15Hz (see Table III Ref [33]), is a
suitable candidate for enhancement by an arrangement
of different atoms such as Fe, Ar, Kr, N, Na with electric
dipole transition at the same wavelength (see Ref [34],
J = 0 → J = 1 with an E1 transition). The predicted
transition rate enhancements reaching 105 would, thus,
yield magnetic transitions with natural linewidths fully
comparable to that of common electric dipole transitions.
Such novel materials hold promise for the development
of a range of technological applications and fundamental
5studies in quantum engineering and physics.
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Appendix A: Atomic dimer
1. Induced multipole moments
In this section, we derive induced multipole moments of an atomic dimer. Let us consider an atomic dimer consisting
of two identical atoms placed at ru/d = [0, 0,±l/2] and illuminated by an x-polarized plane wave propagating in the
z direction, i.e. Einc = E0eikzex [see Fig. 5 (a)-(b)]. We assume e−iωt time harmonic variation. ex is the unit vector
in the x direction, and E0 is the electric field amplitude, k is the wave vector in free space. For a closed two level
J = 0 → J = 1 atomic transition [11, 24], the atomic response is isotropic and linear (far from saturation). The
electric polarizability of each atom is defined as α = −
Γ0
2 α0
δ+i
(Γ0+Γnr)
2
where δ = ω − ωa  ωa is the detuning frequency
between the light beam and the transition frequency of the atom and α0 = 6pik3 . We assume elastic scattering events
and therefore the non-radiative decay is zero, i.e. Γnr = 0. The induced displacement volume current density for the
atomic dimer can be written as
J (r, ω) = −iω [pˆd (rd) δ (r− rd) + pˆu (ru) δ (r− ru)] , (A1)
where δ (r− ri) is the Dirac delta function, 0 is the permittivity of the free space. pˆi (ri) (i = u and d) is the induced
electric dipole moment of the upper and lower dipole moments, respectively and for the two atoms under consideration
reads [Fig. 5 (b)] [35] [
pˆd
pˆu
]
=
[ 1
0α
−GxxEE (rd, ru)
−GxxEE (ru, rd) 10α
]−1 [
E0e
−ikl/2
E0e
ikl/2
]
. (A2)
Note that the induced moments have only an x-component (pˆu/d = pˆu/dex) due to an x-polarized plane wave
illumination. GxxEE (rd, ru) = G
xx
EE (ru, rd) is the Green function [see the Green function section]
GxxEE (rd, ru) =
3
2α00
eiζ
(
1
ζ
− 1
ζ3
+
i
ζ2
)
, ζ = k |rd − ru| = kl. (A3)
Eq. A2 can be simplified as
pˆd = 0αdE0 = 0α
e−ikl/2 + 0αGxxEEe
ikl/2
(1− 0αGxxEE) (1 + 0αGxxEE)
E0,
pˆu = 0αuE0 = 0α
eikl/2 + 0αG
xx
EEe
−ikl/2
(1− 0αGxxEE) (1 + 0αGxxEE)
E0, (A4)
where αd and αu defined as
αd = α
[
cos (kl/2)
D−
− i sin (kl/2)
D+
]
,
αu = α
[
cos (kl/2)
D−
+ i
sin (kl/2)
D+
]
, (A5)
where D± = 1 ± αGxxEE (rd, ru) and αu/d is related to effective polarizability of the dimer. Using above expressions,
Eq. A1 can be written
J (r) = −iω0E0 [αdδ (r− rd) + αuδ (r− ru)] ex, (A6)
which is the induced displacement volume current density for the atomic dimer when illuminated by a plane wave (
Einc = E0e
ikzex). Now, we can use the multipole expansion [see Ref. [25], Table II] and Eq. A6 to obtain the induced
multipole moments of the atomic dimer at the center r = 0. The induced effective electric dipole moment of the
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FIG. 5. (a) An atomic dimer consisting of two identical atoms with electric polarizability α placed at ru/d = [0, 0,±l/2]. (b)
An atomic dimer when illuminated by an x-polarized plane wave propagating in the z direction, i.e. Einc = E0eikzex and the
induced upper and lower electric dipole moments (i.e. pˆu, pˆd), respectively. (c)-(d) Symmetric and antisymmetric modes and
their equivalent multipole moments obtained by applying the multipole expansion at the center of the atomic dimer r = 0.
Note that the magnetic quadrupole moment can be neglected for λ l.
atomic dimer by applying the multipole expansion at the center of the dimer r = 0 [Fig. 5 (b)-(d)] read as [25]
pβ = − 1
iω
{∫
dvJβj0 (kr) +
k2
2
∫
dv
[
3 (r · J) rβ − r2Jβ
] j2 (kr)
(kr)
2
}
, (A7)
where β = x, y, z and jn (kr) are spherical Bessel functions. Now by substituting Eq. A6 into Eq. A7, we have
px = − 1
iω
{∫
Jxj0 (kr) dv +
k2
2
∫
dv
[
3 (r · J)x− r2Jx
] j2 (kr)
(kr)
2
}
,
= − 1
iω
∫
Jx
[
j0 (kr)− 1
2
j2 (kr)
]
dv,
= 0E0 (αd + αu)
[
j0 (kl/2)− j2 (kl/2)
2
]
.
= 0E0
2α
D−
[
j0 (kl/2)− j2 (kl/2)
2
]
cos (kl/2) . (A8)
where r · J = 0, J (r) = Jx(r)ex and r = ru/d = ±l/2ez. Note that y and z components of the electric dipole
moments of the dimer are zero, i.e. py = 0, and pz = 0 [see Eq. A6 and the illumination direction in Fig. 5 (b)]. Next
by using the definition of the electric dipole moment, i.e. px = 0αedE0, the effective electric polarizability of the
atomic dimer can be defined
αed =
2α
D−
[
j0 (kl/2)− j2 (kl/2)
2
]
cos (kl/2) (A9)
The induced effective magnetic dipole moment at the center of the dimer r = 0 [Fig. 5 (b)-(d)] read as [25]
mβ =
3
2
∫
dv (r× J)β
j1 (kr)
kr
, (A10)
7where β = x, y, z, by substituting Eq. A6 into Eq. A10, we obtain
my =
3
2
∫
dv (r× J)y
j1 (kr)
kr
=
3
2
∫
(zJx − xJz) j1 (kr)
kr
dv,
=
3
2k
∫
zJx
j1 (kr)
r
dv,
=
3i
2
E0
Z0
(αd − αu) j1 (kl/2) ,
=
[
3α
D+
j1 (kl/2) sin (kl/2)
]
E0
Z0
. (A11)
where Z0 =
√
µ0
0
is the intrinsic impedance of the free space. Note that we have only the y-component of the magnetic
moment. Now, by using the definition of the magnetic dipole moment, i.e. my = αmdH0 = αmdE0/Z0, the effective
magnetic polarizability can be defined
αmd =
3α
D+
j1 (kl/2) sin (kl/2) (A12)
The induced effective electric quadrupole moment at the center of the dimer r = 0 [Fig. 5 (b)-(d)] read as [25]
Qeµν = −
3
iω
{∫
dv [3 (rνJµ + rµJν)− 2 (r · J) δµν ] j1 (kr)
kr
+2k2
∫
dv
[
5rµrν (r · J)− (rµJν + rνJµ) r2 − r2 (r · J) δµν
] j3 (kr)
(kr)
3
}
,
(A13)
where µ, ν = x, y, z, and δµν is the Kronecker delta. Next, by substituting Eq. A6 into Eq. A13, we have
Qexz = −
3
iω
[∫
dv3 (zJx)
j1 (kr)
kr
− 2
∫
dv (zJx)
j3 (kr)
kr
]
,
= − 3
iω
∫
dv
zJx
kr
[3j1 (kl/2)− 2j3 (kl/2)] ,
=
3
k
0E0 (αu − αd) [3j1 (kl/2)− 2j3 (kl/2)] ,
=
6i
k
α
D+
0E0 [3j1 (kl/2)− 2j3 (kl/2)] sin (kl/2) .
(A14)
Note that other components of the tensor in Eq. A13 are zero. Thus, by using the definition of the electric
quadrupole moment [36], Qexz =
1
20αeq
(
∂Ex
∂z +
∂Ez
∂x
)
= ik2 0E0αeq, the effective electric quadrupole polarizability can
be defined
αeq =
12
k2
α
D+
[3j1 (kl/2)− 2j3 (kl/2)] sin (kl/2) (A15)
The induced effective magnetic quadrupole moment at the center of the dimer r = 0 [Fig. 5 (b)-(d)] read as [25]
Qmµν = 15
∫
dv
{
rµ (r× J)ν + rν (r× J)µ
} j2 (kr)
(kr)
2 , (A16)
where µ, ν = x, y, z, by substituting Eq. A6 on Eq. A16, we obtain
Qmzy = 15
∫
dv
[
z2Jx
] j2 (kr)
(kr)
2 ,
=
15
ik
E0
Z0
(αu + αd) j2 (kl/2) ,
=
30
ikD−
E0
Z0
αj2 (kl/2) cos (kl/2) . (A17)
8Thus, by using the definition of the magnetic quadrupole moment [36], i.e. Qmzy =
1
2αmq
(
∂Hz
∂y +
∂Hy
∂z
)
= ik2
E0
Z0
αmq,
the effective electric quadrupole polarizability read as
αmq = −60
k2
α
D−
j2 (kl/2) cos (kl/2) (A18)
2. Scattering cross section
In this section, we derive an expression to calculate the scattering cross section of an atomic dimer. Using the
induced multipole moments, we can obtain the scattering cross section of the atomic dimer [25]
Csca ≈ k
4
6pi20 |E0|2
(
|px|2 +
∣∣∣my
c
∣∣∣2 + 3
5
∣∣∣∣k6Qexz
∣∣∣∣2 + 35
∣∣∣∣ k6cQmzy
∣∣∣∣2
)
. (A19)
Eq. A19 can be written as a function of polarizabilities
Csca =
k4
6pi
[
|αed|2 + |αmd|2 + 3
5
∣∣∣∣k212αeq
∣∣∣∣2 + 35
∣∣∣∣k212αmq
∣∣∣∣2
]
, (A20)
where we used the electric and magnetic multipole moments definitions px = 0αedE0, m = αmdH0, Qexz = Qezx =
ik
2 αeqE0 and Q
m
zy = Q
m
yz =
ik
2
E0
Z0
αmq. For the atomic dimer with λ  l, magnetic quadrupole moment is negligible,
i.e. Qmzy ≈ 0. Note that Eq. A20 is not sufficient for λ l and one should consider higher order multipole moments.
An alternative approach to obtain the scattering cross section of the atomic dimer is based on the coupled dipole
theory [see the coupled dipole theory section]. We assume that the nonradiative losses is zero in the atomic dimer.
Thus, according to the optical theorem, the extinction cross section is identical to the scattering cross section, i.e.
Csca = Cext, and therefore,
Cext =
k
0 |E0|2
Im [pdE
∗
inc (rd) + puE
∗
inc (ru)] ,
= kIm
[
αde
ikl/2 + αue
−ikl/2
]
(A21)
= kIm
[
2α
1 + 0αG
xx
EEcos (kl/2)
D−D+
]
. (A22)
Eq. A20 is identical to the Eq. A22 if an atomic dimer is without nonradiative losses and λ l.
3. Radiation pattern
Radiation pattern of an atomic dimer can be find by using the radiated far field [2, 37, 38]
EED =
k2
4pi0
eikr
r
px (−sinϕeϕ + cosθcosϕeθ) ,
EMD =
k2
4pi0
eikr
r
my
c
(−cosθsinϕeϕ + cosϕeθ) ,
EEQ =
k2
4pi0
eikr
r
ik
6
Qezx
[
cosθsinϕeϕ −
(
2cos2θ − 1) cosϕeθ] ,
EMQ =
k2
4pi0
eikr
r
ik
6c
Qmzy
[(
2cos2θ − 1) sinϕeϕ − cosθcosϕeθ] , (A23)
where r, θ, ϕ are the radial distance, polar angle, and azimuthal angle. In the xz-plane, i.e. ϕ = 0, the radiation
pattern considering the contribution from all multipole moments (up to magnetic quadrupole) can be written as
E ≈ k
2
4pi0
eikr
r
[
pxcosθ +
my
c
− ik
6
Qexz
(
2cos2θ − 1)− ik
6c
Qmzycosθ
]
eθ, (A24)
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FIG. 6. An atomic dimer or a bilayer support both symmetric and antisymmetric modes. The symmetric mode acts as an
electric mirror whereas the antisymmetric mode acts as a magnetic mirror.
Let us consider an atomic dimer with λ  l that supports symmetric and antisymmetric modes. At the symmetric
mode resonance frequency [see Fig. 5 (c)], |px| 
∣∣my
c
∣∣, and |px|  ∣∣ ik6 Qexz∣∣ and the magnetic quadrupole moment is
negligible, i.e. Qmzy ≈ 0. Thus, the radiation pattern is similar to a pure electric dipole moment, i.e.
E ≈ k
2
4pi0
eikr
r
pxcosθeθ, (A25)
where px for the atomic dimer can be obtained using Eq. A8. In the following section, we will show that an atomic
bilayer composed of atomic dimer act as an atomic electric mirror at the symmetric mode resonance frequency.
However, at the antisymmetric mode resonance frequency, |px| 
∣∣my
c
∣∣, and |px|  ∣∣ ik6 Qexz∣∣ the radiation pattern is
similar to a superposition of magnetic dipole and electric quadrupole moments, i.e.
E ≈ k
2
4pi0
eikr
r
[
my
c
− ik
6
Qexz
(
2cos2θ − 1)] eθ,
≈ k
2
4pi0
eikr
r
my
c
(
2cos2θ
)
eθ, (A26)
where my and Qexz for the atomic dimer can be obtained using Eq. A11 and Eq. A14, respectively [see Fig. 5 (d)].
Note that for λ  l, we can show that myc ≈ − ik6 Qexz which is used in the derivation of Eq. A26. The radiation
patterns of both modes are plotted in Fig. 6. It can be seen that the symmetric mode resonance has an in phase
radiation pattern in both forward and backward directions. Whereas for the anti-symmetric mode the radiated fields
are out of phase in forward and backward directions. In the following section, we show that an atomic bilayer consist
of atomic dimer acts as an electric or a magnetic mirror for symmetric or antisymmetric modes, respectively [see
Fig. 5 and Fig. 7].
Appendix B: Atomic monolayer metasurface (AMM): atomic electric mirrors
1. Reflection and transition coefficients
Let us consider an atomic monolayer composed of atoms with only electric dipole transition moments. The atoms
are periodically arranged in xy-plane at z = 0, rn = rnx,ny = (nxex + nyey) Λ. nx and ny are integer numbers and Λ
is the periodicity in x and y directions. The reflected and transmitted electric fields (Er and Et) at the interface when
illuminated by a polarized plane wave propagating in the z direction, i.e. Einc = E0eikzex defined as [12, 35, 39, 40]
Er = −1
2
Z0Je, Et = Einc − 1
2
Z0Je, (B1)
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where Z0 =
√
µ0
0
is the impedance of the free space. Je is the induced averaged surface electric current. p is the
effective induced electric dipole moment of the atomic array and defined as
p (r0) = 0α
Einc + ∑
n, n 6=0
G¯EE (r0, rn) · p (r0)
 , (B2)
and using Einc = E0eikzex, we get
p (r0) = 0E0αeffex, αeff =
α
1− 0α
∑
n, n 6=0
GxxEE (r0, rn)
, (B3)
where r0 = 0,
∑
n 6=0
GxxEE (r0, rn) is the interaction constant (or the lattice sum of the dipolar interaction tensor). Now
by substituting the induced averaged surface electric current Je = −iω pΛ2 into Eq. B1, the reflection coefficient r = ErE0
for an atomic monolayer metasurface can be obtained [35, 39, 40]
r =
ik
2Λ2
 11
α − 0
∑
n, n 6=0
GxxEE (0, rn)
 = ik
2Λ2
αeff ,
=
ik
2Λ2
 −Γ02 α0
δ + iΓ02 +
Γ0
2 α00
∑
n, n 6=0
GxxEE (0, rn)

=
ik
2Λ2
(
−α0 Γ02
δ −∆ + i (Γ02 + Γ2 )
)
, (B4)
where ∆ and Γ defined as
∆ = −0α0 Γ0
2
Re
 ∑
n, n 6=0
GxxEE (0, rn)
 , Γ
2
= 0α0
Γ0
2
Im
 ∑
n, n 6=0
GxxEE (0, rn)
 , (B5)
and transmission coefficient can be calculated by t = 1 + r. The reflection coefficient can be written as
r =
− ik2Λ2α0 Γ02
δ −∆ + i k2Λ2α0 Γ02
, (B6)
where Im
[ ∑
n, n 6=0
GxxEE (0, rn)
]
= − 10α0 + k2Λ20 which is obtained in the next section using the energy conservation.
Note that the real part of the interaction constant (or lattice sum), i.e. Re
[ ∑
n, n 6=0
GxxEE (0, rn)
]
can be calculated
numerically [35, 39, 40].
2. Energy conservation and interaction constant
The conservation of energy can be used to obtain an exact expression for the imaginary part of the the interaction
constant (lattice sum), i.e. Im [C] = Im
[∑
n 6=0
GxxEE (r = 0, rn)
]
, we assume the nonradiative losses is zero in the atomic
monolayer and have
A = 1−R− T = 1− |r|2 − |1 + r|2 = 0 (B7)
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where T = |1 + r|2 , and R = |r|2 are the transmission and reflection from the atomic monolayer. Using Eq. B7, it
can be shown that Re(r)|r|2 = Re
[
1
r
]
= −1 and we get
Re
[
1
r
]
= −1,
Re
(
1
ik
2Λ2αeff
)
= −1,
Im
(
1
αeff
)
= − k
2Λ2
. (B8)
Now by using the definition of the effective polarizability αeff = α1−α0 ∑
n, n 6=0
GxxEE(0,rn)
, we have
Im
[
1
αeff
]
= Im
(
1
α
)
− Im
0 ∑
n, n 6=0
GxxEE (0, rn)
 . (B9)
From the definition of polarizability α = −
Γ0
2 α0
δ+i
Γ0
2
, we obtain Im
(
1
α
)
= − 1α0 = k
3
6pi . Finally, by using Eqs. (B8) and
(B9), the exact expression for the imaginary part of the interaction constant, i.e. Im
[
0
∑
n, n 6=0
GxxEE (0, rn)
]
can be
obtained as [35, 39, 40]
Im
 ∑
n, n 6=0
GxxEE (0, rn)
 = − 1
0α0
+
k
2Λ20
. (B10)
Appendix C: Atomic bilayer metasurface (ABM): atomic electric and magnetic mirrors
Let us consider an atomic bilayer composed of atoms with only electric dipole transition moments (see Fig. 5) [39].
Atoms are periodically arranged in two layers in xy-planes, the position of the upper layer ru,n = nxΛex+nyΛey+ l2ez
and the position of the lower rd,n = nxΛex +nyΛey − l2ez. nx and ny are integer numbers and Λ is the periodicity in
x and y directions. The atomic bilayer is illuminated by an x-polarized incident plane wave propagating in z-direction
Einc = E0e
ikzex . Using Er = − 12Z0J = ik2Λ20 p, the incident and transmitted electric fields by the atomic bilayer
metasurface at z = 0 read as
Er =
ik
2Λ20
[
peffd e
−ikl/2 + peffu e
ikl/2
]
,
Et = E0 +
ik
2Λ20
[
peffd e
ikl/2 + peffu e
−ikl/2
]
. (C1)
where peffu and peffd are the effective (collective) upper and lower electric dipole moments and e
±ikl/2 are the propagation
terms. The reflection and transmission coefficients are given by
r =
ik
2Λ20E0
(
peffd e
−ikl/2 + peffu e
ikl/2
)
,
t = 1 +
ik
2Λ20E0
(
peffd e
ikl/2 + peffu e
−ikl/2
)
, (C2)
and defined as
peffd = 0α
Einc (rd,0) + ∑
n, n 6=0
GxxEE (rd,0, rd,n) p
eff
d +
∑
n
GxxEE (rd,0, ru,n) p
eff
u
 ,
peffu = 0α
Einc (ru,0) + ∑
n, n 6=0
GxxEE (ru,0, ru,n) p
eff
u +
∑
n
GxxEE (ru,0, rd,n) p
eff
d
 , (C3)
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and can be written as [
peffd
peffu
]
=
[ 1
0α
− Cdd −Cdu
−Cud 10α − Cuu
]−1 [
Einc (rd,0)
Einc (ru,0)
]
. (C4)
For identical upper and lower atoms, i.e. α, the interaction constants are symmetric, i.e. Cud = Cdu and Cuu = Cdd
and defined as
Cdd =
∑
n, n 6=0
GxxEE (rd,0, rd,n) ,
Cdu =
∑
n
GxxEE (rd,0, ru,n) . (C5)
In general, the interaction constant can be numerically calculated. For a lossless system, the imaginary part of the
interaction constant (lattice sum) can be exactly calculated by using the conservation of energy [39]
Im [Cdd] = − 1
0α0
+
k
2Λ20
,
Im [Cdu] =
k
2Λ20
cos (kl) . (C6)
The effective electric and magnetic polarizabilities of the atomic bilayer can be defined as
αeffed =
peffd + p
eff
u
0E0
cos (kl/2) ,
αeffmd = i
peffd − peffu
0E0
sin (kl/2) . (C7)
At the symmetric mode resonance frequency the induced dipoles for both lower and upper layers are almost identical,
i.e. peffd ≈ peffu [see Fig. 3 of the main manuscript], thus we get
r =
ik
2Λ20E0
peffd
(
e−ikl/2 + eikl/2
)
,
=
ik
Λ20E0
peffd cos (kl/2) , cos (kl/2) ≈ 1, Λ =
λ
2
=
pi
k
,
≈
(
peffd
α00E0
)
6i
pi
, (C8)
the total reflection, i.e. r ≈ −1 occurs when peffd ≈ peffu = (α00E0) ipi6 [see Fig. 3 of the main manuscript]. However,
at the antisymmetric mode resonance frequency, i.e. peffd ≈ −peffu (see Fig. 3 of the main manuscript), we have
r =
ik
2Λ20E0
peffd
(
e−ikl/2 − eikl/2
)
,
=
k
Λ20E0
peffd sin (kl/2) , sin (kl/2) ≈ kl/2, Λ =
λ
2
=
pi
k
,
≈
(
peffd
α00E0
)
6l
λ
, (C9)
the total reflection, i.e. r ≈ 1 occurs when peffd ≈ −peffu = (α00E0) λ6l .
Appendix D: Atomic monolayer/bilayer in a planar cavity
1. Planar cavity
In this section, we consider a planar cavity consists of two identical distributed Bragg reflector (DBR) mirrors [see
Fig. 4 of the main manuscript]. The mirrors are separated by a distance of Lc. The optical properties of the system
13
is described by the transfer matrix product [41]
MCavity = MDBR1MFSMDBR2, (D1)
MFS =
[
eiϕ 0
0 e−iϕ
]
, (D2)
MDBR1 =
1
tM
[
t2M − rM,RrM,L rM,R
−rM,L 1
]
, (D3)
MDBR2 =
1
tM
[
t2M − rM,RrM,L rM,L
−rM,R 1
]
, (D4)
where ϕ = knd, n is the refractive index of the spacer and here is assumed to be the free space (n = 1). rM,L and rM,R
are reflection coefficients of the DBR mirrors when illuminated from left and right, respectively. For the reciprocal
DBR mirrors, the transmission coefficients are identical, i.e. tM = tM,L = tM,R. The transmission and reflection
coefficients of the planar cavity are defined as
tc =
t2Me
ikLc
1− e2ikLcr2M,R
,
rc,L = rc,R = −
rM,L + e
2ikLcrM,R
(
t2M − rM,RrM,L
)
1− e2ikLcr2M,R
, (D5)
we assumed that there is no nonradiative losses, thus the cavity completely transmits the light at ω = ωc. The finesse
of the planer cavity can be defined as
F =
pi
∣∣∣√r2M,R∣∣∣
1−
∣∣∣r2M,R∣∣∣ . (D6)
2. Atomic monolayer/bilayer metasurface inside a planar cavity
In this section, we assume that the atomic monolayer is placed in a planar cavity with reflection and transmission
coefficients rc, tc, respectively [see Fig. 4 of the main manuscript]. By using the transfer matrix approach, we can
obtain the reflection and transmission coefficients of the atomic monolayer inside the planar cavity. The transfer
matrix of the atomic monolayer/bilayer metasurface can be written as
MAL =
1
tAL
[
t2AL − r2AL rAL
−rAL 1
]
, (D7)
where rAL and tAL are the reflected and transmitted coefficients of the atomic metasurface, respectively [see Eqs. B4
and C2]. For the We assumed that the transmission and reflection coefficients are identical for forward and backward
directions. The nonradiative losses is zero, therefore, the conservation of energy yields to following formulas
|rAL|2 + |tAL|2 = 1,
tAL
t∗AL
= −rAL
r∗AL
, (D8)
thus the following relation holds for the transfer matrix, i.e. det (M) = 1, and
MAL =
[
1
t∗AL
rAL
tAL
− r∗ALt∗AL
1
tAL
]
. (D9)
The transmission coefficient from an atomic monolayer/bilayer inside a cavity read as
t =
−t2M |tAL|2
r2M tALe
ikLc + 2rMrALt∗ALcos (2kD)− t∗ALe−ikLc
, (D10)
The reflection and transmission coefficients of an atomic monolayer metasurface (AMM) can be written as [see Eq. B6]
rAL =
−iΓAL/2
δAL + iΓAL/2
,
ΓAL
2
=
kα0Γ0
4Λ2
, δAL = ω − ωa −∆, (D11)
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Now, by using tAL = 1 + rAL = δALδAL+iΓAL/2 and substituting Eq. D11 into Eq. D10, we obtain
tAMM =
t2MδALe
ikLc
δAL (1− e2ikLcr2M ) + iΓa2 [1 + 2rMeikLccos (2kD) + r2Me2ikLc ]
. (D12)
Note that the atomic metasurface is placed at a distance D (see Fig.4 of the main manuscript). The planar cavity
consisting of two mirrors separated by Lc. A similar expression can be obtained for an atomic bilayer metasurface
(ABM) in a cavity
tABM = − rALt
2
M |rAL + 1|2 eikLc
− |rAL|2 − rAL + r2M (r2AL + rAL)e2ikLc − 2ieikLcr21rAL
[
|rAL|2 sin (2kD) + Im (r∗ALe2ikD)
] . (D13)
Note that rAL and tAL for the AMM and ABM can be obtained from Eq. B6 and Eq. C2, respectively.
3. Scattered fields from an atomic bilayer metasurface using a Gaussian beam excitation
For an experimental realization limited number of atoms and a Gaussian beam excitation would be necessary. The
Gaussian beam is defined as
Einc (x, y, z) = exE0
w0
w (z)
eikze−iϕ(z)e−
x2+y2
w2(z) eik
x2+y2
2R(z) , (D14)
the beam parameters are defined as
w (z) = w0
√
1 +
(
z
zR
)2
, zR =
piw20
λ
,
ϕ (z) = arctang
(
z
zR
)
,
R (z) = z
[
1 +
(zR
z
)2]
, (D15)
where w0 is the beam waist at its focal point, R (z) is the radius of curvature of the beam at z, and ϕ (z) is the Gouy
phase at z. The Gaussian beam is propagating along the z direction. In our numerical calculations, we assumed the
cross section of the Gaussian beam is smaller than the area of the finite atomic layer. The parameters of Gaussian
beam is given in the caption of Fig. 7. The incident and scattered electric fields for an electric and a magnetic mirror
using such a Gaussian beam are demonstrated in Fig. 7. For the symmetric mode (z > 0), the scattered field is
opposite in sign with respect to the incident (both real and imaginary). Thus, the transmitted field which is the sum
of the incident and scattered electric fields is zero (Et = Einc + Esca = 0) [Fig. 7, see the blue box]. However, for
(z < 0), only the real part of the scattered field is opposite in sign with respect to the real part of the incident. Thus
it acts as a electric mirror in the symmetric mode analogous to a perfect electric conductor. For the antisymmetric
mode (z > 0) similar to the symmetric mode (z > 0), the scattered field is opposite in sign with respect to the incident
(both real and imaginary). Thus, the transmitted field which is the sum of the incident and scattered electric fields is
zero (Et = Einc +Esca = 0) [Fig. 7, see the red box]. However, for (z < 0), the imaginary part of the scattered field is
opposite in sign with respect to the imaginary part of the incident. Thus it acts as a magnetic mirror analogous to a
perfect magnetic conductor. Using Gaussian beam, we also calculated transmission and reflection for limited number
of atoms [15× 15× 2 atoms]. The results for the two illuminations (i.e. Gaussian and plane wave) are in a excellent
agreement [see the main manuscript Fig. 3].
Appendix E: Green functions and scattered fields
In this section, we define the Green function which is used to calculation the interaction constant for the atomic
dimer and atomic array. The electric and magnetic dyadic Green functions in free space, respectively, read [42]
G¯E (r, r
′) =
(
I¯ +
1
k2
∇∇
)
G0 (r, r
′) , (E1)
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FIG. 7. Atomic bilayer composed of 15×15×2 atoms when illuminated by a Gaussian beam at the symmetric (electric mirror)
and antisymmetric (magnetic mirror) modes. We considered a normal incidence where the cross section of the Gaussian beam
is at the center of the atomic bilayer, z = 0 with E0 = 1, and W0 = λa. Einc and Esca are the incident and scattered electric
fields, respectively. It can be seen that the scattering and incident fields destructively interfere at the forward direction.
and
G¯M (r, r
′) = ∇×
[
I¯G0 (r, r
′)
]
= ∇G0 (r, r′)× I¯, (E2)
where, G0 (r, r′) = eik |r−r
′|/ (4pi|r− r′|) is the scalar free space Green function and the identity ∇ ×
(
G0I¯
)
=
G0∇ × I¯ + ∇G0 × I¯ (where I¯ is the identity dyadic) is used in Eq. (E2). The electric and magnetic fields in term
of electric vector potential A read E = iω
(
A + 1k2∇∇ ·A
)
and H = 1µ0 (∇×A), respectively (∇ is taken over
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variabler). For an electric dipole p, the electric vector potential A reads [2]
A (r) = −iωµ0 e
ik |r−r′|
4pi|r− r′|p (r
′) = −iωµ0G0 (r, r′) p (r′) . (E3)
Therefore, the electric and magnetic fields Ep and Hp of an electric dipole moment, respectively, read
Ep (r) = ω
2µ0G¯E (r, r
′) · p (r′) , (E4)
Hp (r) = −iωG¯M (r, r′) · p (r′) . (E5)
For a magnetic dipole m, the electric and magnetic fields Em and Hm, respectively, read
Em (r) = iωZ0G¯M (r, r
′) · m (r
′)
c
, (E6)
Hm (r) = ω
20Z0G¯E (r, r
′) · m (r
′)
c
, (E7)
since the electric vector potential for the dipole m reads [2]
A (r) = Z0∇G0 (r, r′)× m (r
′)
c
. (E8)
Note that we have used [2]
A (r) = iωµ0
eik |r−r
′|
4pi|r− r′|
(
1− 1
ik|r− r′|
)(
n× m (r
′)
c
)
, (E9)
and
∇G0 (r, r′) = ikG0 (r, r′)
(
1− 1
ik|r− r′|
)
(r− r′)
|r− r′| , n =
(r− r′)
|r− r′| , (E10)
in Eq. (E8). Also note that we have used identity a× b = a ×
(
I¯ · b
)
=
(
a× I¯
)
· b in obtaining Eq.(E6). Finally,
the fields created by an electric and a magnetic dipole from Eqs. (E4)-(E6) read
E (r) = Ep (r) + Em (r) = G¯EE (r, r
′) · p (r′) + G¯EM (r, r′) · m (r
′)
c
,
Z0H (r) = Z0 [Hp (r) + Hm (r)] = G¯ME (r, r
′) · p (r′) + G¯MM (r, r′) · m (r
′)
c
, (E11)
where,
G¯EE (r, r
′) = ω2µ0G¯E (r, r′) , G¯EM (r, r′) = iωZ0G¯M (r, r′) ,
G¯ME (r, r
′) = −G¯EM (r, r′) , G¯MM (r, r′) = G¯EE (r, r′) , (E12)
and can be written as
G¯EE (r, r
′) = G¯MM (r, r′) =
3
2α00
eiζ
[(
1
ζ
− 1
ζ3
+
i
ζ2
)
I¯ +
(
−1
ζ
+
3
ζ3
− 3i
ζ2
)
nn
]
, (E13)
G¯EM (r, r
′) = −G¯ME (r, r′) = − 3
2α00
eiζ
(
1
ζ
− 1
iζ2
)
n× I¯, (E14)
where n = r−r
′
|r−r′| , α0 =
6pi
k3 and , ζ = k (r− r′) and can be also written as
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GαβEE (ζ = k |r− r′|) =
3
2α00
eiζ
[
g1 (ζ) δαβ + g2 (ζ)
ζαζβ
ζ2
]
,
g1 (ζ) =
(
1
ζ
− 1
ζ3
+
i
ζ2
)
,
g2 (ζ) =
(
−1
ζ
+
3
ζ3
− 3i
ζ2
)
, (E15)
Note that Eq. E11 can be also written as
E (r) = Ep (r) + Em (r) = G¯EE (r, r
′) · p (r′) + gEMn× m (r
′)
c
,
Z0H (r) = Z0 [Hp (r) + Hm (r)] = gMEn× p (r′) + G¯MM (r, r′) · m (r
′)
c
, (E16)
where gME = −gEM = 32α00 eiζ
(
1
ζ − 1iζ2
)
.
Appendix F: Enhancing the decay rate of a magnetic emitter
1. Coupled dipole theory
Let us consider N atoms with electric dipole transition moments in free space. The self-consistent equation for the
induced dipole moments of ith atom placed at r = ri read [40, 43–45]
p (ri) = 0αi
Einc (ri) +∑
i 6=j
Esca (|rj − ri|)
 , (F1)
where Einc (ri) is the incident field at the atom position, αi is the atomic polarizability and
∑
i 6=j
Esca (|rj − ri|) are the
interaction fields created by the all atoms at r = ri. Using Eq. F1, we can obtain∑
i6=j
Esca (|rj − ri|) = p (ri) /0αi −Einc (ri) , (F2)
Thus, the total field at r = ri, can be calculated by using
Etot (ri) = Einc (ri) +
∑
i
Esca (|rj − ri|) ,
= Einc (ri) + Esca (|ri − rj | = 0) +
∑
i 6=j
Esca (|rj − ri|) ,
= Einc (ri) + G¯EE (|ri − rj | = 0) · p (ri) + p (ri)
0αi
−Einc (ri) ,
=
[
G¯EE (|ri − rj | = 0) · p (ri) + 1
0αi
p (ri)
]
, (F3)
where we used Esca (|ri − rj | = 0) = G¯EE (|ri − rj | = 0) · p (ri). Now by using the total field, we can compute the
absorbed power
Pabs = −ω
2
Im
[∑
i
p∗ (ri) ·Etot (ri)
]
,
= −ω
2
Im
{∑
i
p∗ (ri) ·
[
G¯EE (|ri − rj | = 0) · p (ri) + 1
0αi
p (ri)
]}
,
= − ω
20
∑
i
|p (ri)|2
(
1
α0
+ Im
[
1
αi
])
, (F4)
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Note that Im
[
G¯EE (|ri − rj | = 0)
]
= 10α0 I¯ [40, 45, 46] and for lossless dipoles Im
[
1
αi
]
= − 1α0 , therefore Pabs = 0.
The scattered power can be calculated as
Psca =
ω
2
Im
∑
i
p∗ (ri) ·
∑
j
Esca (|rj − ri|)
 ,
=
ω
2
Im
{∑
i
p∗ (ri) ·
[
G¯EE (|ri − rj | = 0) · p (ri) + p (ri) /0αi −Einc (ri)
]}
=
ω
2
Im
{∑
i
p∗i (ri) ·
[
1
0α0
pi (ri) +
1
0αi
pi (ri)−Einc (ri)
]}
=
ω
2
∑
i
|p (ri)|2
(
1
0α0
+ Im
[
1
0αi
])
− ω
2
∑
i
Im [p∗ (ri) ·Einc (ri)] ,
= −Pabs − ω
2
∑
i
Im [p∗ (ri) ·Einc (ri)] , (F5)
now by using power conservation, the extracted power can be defined as
Pext = −ω
2
∑
i
Im [p∗i (ri) ·Einc (ri)] = Psca + Pabs. (F6)
In conclusion, the absorbed, scattered, and extracted powers read as
Pabs = − ω
20
∑
i
|p (ri)|2
(
1
α0
+ Im
[
1
αi
])
, (F7)
Psca =
ω
20
∑
i
|p (ri)|2
(
1
α0
+ Im
[
1
αi
])
− ω
2
∑
i
Im [p∗ (ri) ·Einc (ri)] , (F8)
Pext = −ω
2
∑
i
Im [p∗ (ri) ·Einc (ri)] = ω
2
∑
i
Im [p (ri) ·E∗inc (ri)] . (F9)
Using duality (p↔ mc and E↔ HZ0 see Ref. [2]), similar results can be obtained for a magnetic dipole moment, i.e.
Pabs = − ω
20
∑
i
∣∣∣∣m (ri)c
∣∣∣∣2( 1α0 + Im
[
1
αi
])
, (F10)
Psca =
ω
20
∑
i
∣∣∣∣m (ri)c
∣∣∣∣2( 1α0 + Im
[
1
αi
])
− ω
2
∑
i
Im
[
m∗ (ri)
c
· Hinc (ri)
Z0
]
, (F11)
Pext = −ω
2
∑
i
Im
[
m∗ (ri)
c
· Hinc (ri)
Z0
]
=
ω
2
∑
i
Im
[
m (ri)
c
· H
∗
inc (ri)
Z0
]
. (F12)
In the next subsection, we used above expressions to obtain the radiated power of a test magnetic dipole emitter.
2. Emission rate enhancement of a magnetic emitter
The power radiated by a test magnetic dipole emitter, i.e. µt = µtnµ placed at r0 is given by [2]
P fsrad =
ck4
12pi0
∣∣∣µt
c
∣∣∣2 = 1
2
ω
α00
∣∣∣µt
c
∣∣∣2 , (F13)
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where nµ is the unit vector in the direction of the dipole moment. The power radiated by a magnetic dipole emitter
µt = µt (r0) when placed close to a antenna consist of N atoms at position ri with only electric dipole moment pi,
read as
P antrad =
ω
2
Im
[µt
c
∗
· Z0Hlocal (r0)
]
, (F14)
=
ω
2
∣∣∣µt
c
∣∣∣2 Im [nTµGtot (r0, r0) nµ] , (F15)
where Gtot (r0, r0) is the total Green function at the position of the emitter, and the H (r0) is the electric field at the
dipole position r0 can be obtained by
Z0Hlocal (r0) = G¯MM (r0, r0) · µt
c
+
N∑
i=1
gME (r0, ri) [nr0ri × p (ri)] , (F16)
where nr0ri =
r0−ri
|r0−ri| , gME is defined in Eq. E16 and p (ri) can be calculated by using Eq. E16
p (ri) = 0αiElocal (ri)
= 0αi
Eµt (ri) + N∑
j 6=i
[
G¯EE (ri, rj) · p (rj)
] , (F17)
where Eµt (ri) ≡ gEM (ri, r0)
(
nrir0 × µtc
)
. Thus it can be written in the following form
Eµt (ri) =
1
0αi
p (ri)−
N∑
j 6=i
[
G¯EE (ri, rj) · p (rj)
]
, (F18)
and we can write
[p]3N×1 = [A]3N×3N
[
Em0
]
3N×1 , (F19)
where
(
A−1
)µν
ij
= 1α0 δijδµν − (1− δij)G
µν
EE (ri, rj) and G
µν
EE (ri, rj) is the short-
hand for the (µ, ν)th matrix element of G¯EE (ri, rj) and (µ, ν) → (x, y, z). Eµt =[
gEM (r1, r0)
(
nr1r0 × m0c
)
, gEM (r2, r0)
(
nr2r0 × m0c
)
, · · · , gEM (rN , r0)
(
nrNr0 × m0c
) ]T and p =[
p (r1) , p (r2) , p (r1) , · · · p (rN−1) , p (rN )
]T are 3N × 1 vectors. p (ri) = [ px (ri) , py (ri) , pz (ri) ]
and i = 1, 2, 3, . . . , N . A is the collective polarizability (a 3N × 3N matrix) and read as
A−1 =

1
0α
0 0 −GxxEE (r1, r2) −GxyEE (r1, r2) −GxzEE (r1, r2)
0 10α 0 −G
yx
EE (r1, r2) −GyyEE (r1, r2) −GyzEE (r1, r2) · · ·
0 0 10α −GzxEE (r1, r2) −G
zy
EE (r1, r2) −GzzEE (r1, r2)
−GxxEE (r2, r1) −GxyEE (r2, r1) −GxzEE (r2, r1) 10α 0 0 0−GyxEE (r2, r1) −GyyEE (r2, r1) −GyzEE (r2, r1) 0 10α 0 · · ·−GzxEE (r2, r1) −GzyEE (r2, r1) −GzzEE (r2, r1) 0 0 10α
...
...

3N×3N
(F20)
and can be written as
[p]i = p (ri) =
[
AEµt
]
i
, (F21)
Now we can calculate nr0ri × p (ri)
nr0ri × p (ri) = nr0ri ×
[
AEµt
]
i
, (F22)
and using Eq. F16 and Eq. F21 we get
Z0Hlocal (r0) = G¯MM (r0, r0) · µt
c
+
N∑
i=1
gME (r0, ri) [nr0ri × p (ri)] ,
= G¯MM (r0, r0) · µt
c
+
N∑
i=1
gME (r0, ri) nr0ri ×
[
AEµt
]
i
, (F23)
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FIG. 8. A test magnetic dipole emitter placed in the middle of an atomic dimer (a) and tetramer (b) consisting of two/four
identical atoms with only electric dipole moments, respectively.
Now by using gEM (ri, r0) = gEM (r0, ri) = −gME (r0, ri), the radiated power read as
P antrad =
ω
2
Im
[µt
c
∗
· Z0Hlocal (r0)
]
, (F24)
=
ω
2
∣∣∣µt
c
∣∣∣2 Im [nTµ G¯MM (r0, r0) nµ]+
+
ω
2
Im
N∑
i=1
gME (r0, ri)
µt
c
∗
· {nr0ri × [AEµt]i} , (F25)
where Im
[
nTµGMM (r0, r0) nµ
]
= 10α0 . Now, by using Eq. F13 and Eq. F24, the emission rate enhancement can be
obtained as
P antrad
P fsrad
= 1 +
0α0∣∣µt
c
∣∣ Im N∑
i=1
gME (r0, ri) nµ ·
{
nr0ri ×
[
AEµt
]
i
}
. (F26)
In the following subsections, we consider a magnetic dipole emitter in the middle of i) an atomic dimer and ii) an
atomic tetramer.
3. Atomic dimer
Let us consider a test magnetic dipole emitter µt = µtey placed at r0 = 0 close to an antenna consist of two atoms
with only electric dipole response (electric polarizability α) at positionru/d = ±l/2ez [see Fig. 8 (a)]. Now by using
Eq. F26, the emission rate enhancement read as
P antrad
P fsrad
= 1 +
0α0∣∣µt
c
∣∣ Im 2∑
i=1
{gME (r0, ri) nµ · [nr0ri × p (ri)]} ,
= 1 +
0α0∣∣µt
c
∣∣ Im 2∑
i=1
{gME (r0, ru) ey · [nr0ru × p (ru)] + gME (r0, rd) ey · [nr0rd × p (rd)]} (F27)
where nr0ru = −ez, nr0rd = ez, nµ = ey and the collective polarizability read as
A =

0α
1−20α2GxxEE(ru,rd)2
0 0
α2GxxEE(ru,rd)
1−α2GxxEE(ru,rd)2
0 0
0 0α
1−20α2GyyEE(ru,rd)2
0 0
α2GyyEE(ru,rd)
1−α2GyyEE(ru,rd)2
0
0 0 0α
1−20α2GzzEE(ru,rd)2
0 0
α2GzzEE(ru,rd)
1−α2GzzEE(ru,rd)2
α2GxxEE(ru,rd)
1−α2GxxEE(ru,rd)2
0 0 0α
120α
2GxxEE(ru,rd)
2 0 0
0
α2GyyEE(ru,rd)
1−α2GyyEE(ru,rd)2
0 0 0α
1−20α2GyyEE(ru,rd)2
0
0 0
α2GzzEE(ru,rd)
1−α2GzzEE(ru,rd)2
0 0 0α
1−20α2GzzEE(ru,rd)2

.
(F28)
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Now by using A and Eµt (ri) ≡ gEM (ri, r0)
(
nrir0 × µtc
)
we obtain the dipole moments[
p (ru)
p (rd)
]
= A
[
gEM (ru, r0)
(
nrur0 × µtc
)
gEM (rd, r0)
(
nrdr0 × µtc
) ] , (F29)
=
0α
∣∣µt
c
∣∣
1 + 0αGxxEE (ru, rd)

−gEM (ru, r0)
0
0
gEM (rd, r0)
0
0
 , (F30)
we used [
nrur0 × µtc
nrdr0 × µtc
]
=
[ −1 0 0 1 0 0 ]T , (F31)
and we get [
nr0ru × p (ru)
nr0rd × p (rd)
]
=
0α
∣∣µt
c
∣∣
1 + 0αGxxEE (ru, rd)
[
0 gEM (ru, r0) 0 0 gEM (rd, r0) 0
]T
. (F32)
Finally, we obtain
P antrad
P fsrad
= 1 +
0α0∣∣µt
c
∣∣ Im 2∑
i=1
{gME (r0, ru) ey · [nr0ru × p (ru)] + gME (r0, rd) ey · [nr0rd × p (rd)]} ,
= 1 + 0α0Im
[
gEM (ru, r0) gME (r0, ru) + gEM (rd, r0) gME (r0, rd)
1
0α
+GxxEE (ru, rd)
]
,
= 1− 220α0αIm
[
g2EM (r0, ru)
1 + 0αGxxEE (ru, rd)
]
,
= 1− 220α0αIm
[
g2EM (r0, ru)
D+
]
, (F33)
where D+ ≡ 1 + 0αGxxEE (ru, rd) and gEM (ru, r0) = −gME (r0, ru). We used Eq. F33 to calculate the decay rate in
Fig. 2 of the main manuscript. The Green functions for the atomic dimer (see Fig. 8) read as
GxxEE (ru, rd) =
3
20α0
eiζ
(
1
ζ
− 1
ζ3
+
i
ζ2
)
, ζ = k |ru − rd| = kl, (F34)
gME (r0, ru) = gME (r0, rl) =
3
20α0
eiζ
(
1
ζ
+
i
ζ2
)
ζ = k |r0 − ru| = k |r0 − rd| = kl/2.
Finally, we employ the link between the quantum (i.e. decay rate) and classical formalisms (i.e. radiated power) [47],
i.e.
Γant
Γ0
=
P antrad
P fsrad
= 1− 220α0αIm
[
g2EM (r0, ru)
D+
]
(F35)
4. Atomic tetramer
Let us consider a magnetic dipole emitter µt = µtey placed at r0 = 0 close to four quantum antennas (i.e. electric
dipole moments) with polarizability α at position r1,2 = ∓l/2ez, r3,4 = ±l/2ex [see Fig. 5 (b)]. Now by using Eq. F26,
the emission rate enhancement read as
P antrad
P fsrad
= 1 +
0α0∣∣µt
c
∣∣ Im 4∑
i=1
{gME (r0, ri) ey · [nr0ri × p (ri)]} , (F36)
= 1 +
0α0∣∣µt
c
∣∣ Im 4∑
i=1
gME (r0, ri) nµ ·
{
nr0ri ×
[
AEµt
]
i
}
(F37)
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where nµ = ey and the normal unit vectors read as
nr0r1 =
 00
1
 , nr0r2 =
 00
−1
 , nr0r3 =
 −10
0
 , nr0r4 =
 10
0
 , (F38)
A matrix read as
A =

I¯/α G¯EE (r1, r2) G¯EE (r1, r3) G¯EE (r1, r4)
G¯EE (r1, r2) I¯/α G¯EE (r2, r3) G¯EE (r2, r4)
G¯EE (r1, r3) G¯EE (r2, r3) I¯/α G¯EE (r3, r4)
G¯EE (r1, r4) G¯EE (r2, r4) G¯EE (r3, r4) I¯/α
 , (F39)
where I¯ is the identity dyadic
G¯EE (r1, r2) =
3
2α00
eikl
 g1 (kl) 0 00 g1 (kl) 0
0 0 g1 (kl) + g2 (kl)
 , (F40)
G¯EE (r3, r4) =
3
2α00
eikl
 g1 (kl) + g2 (kl) 0 00 g1 (kl) 0
0 0 g1 (kl)
 , (F41)
G¯EE (r1, r3) = G¯EE (r2, r4) =
3
2α00
e
i kl√
2

g1
(
kl√
2
)
0
g2
(
kl√
2
)
2
0 g1
(
kl√
2
)
0
g2
(
kl√
2
)
2 0 g1
(
kl√
2
)
 , (F42)
G¯EE (r1, r4) = G¯EE (r2, r3) =
3
2α00
e
i kl√
2

g1
(
kl√
2
)
0 − g2
(
kl√
2
)
2
0 g1
(
kl√
2
)
0
− g2
(
kl√
2
)
2 0 g1
(
kl√
2
)
 , (F43)
we used the Green function definition, i.e.
GαβEE (ζ = k |r− r′|) =
3
2α00
eiu
[
g1 (ζ) δαβ + g2 (ζ)
ζαζβ
ζ2
]
,
g1 (ζ) =
(
1
ζ
− 1
ζ3
+
i
ζ2
)
,
g2 (ζ) =
(
−1
ζ
+
3
ζ3
− 3i
ζ2
)
. (F44)
Thus the induced dipole moment read as
 p (r1)p (r2)p (r3)
p (r4)
 = A

gEM (r1, r0)
(
nr1r0 × µtc
)
gEM (r2, r0)
(
nr2r0 × µtc
)
gEM (r3, r0)
(
nr3r0 × µtc
)
gEM (r4, r0)
(
nr4r0 × µtc
)
 ,
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and we get
p (r1) =
0α
∣∣µt
c
∣∣ gEM (r1, r0)
1 + 3α2α0 g1 (kl) e
ikl − 3α2α0 g2
(
kl√
2
)
e
i kl√
2
ex,
p (r2) = −
0α
∣∣µt
c
∣∣ gEM (r2, r0)
1 + 3α2α0 g1 (kl) e
ikl − 3α2α0 g2
(
kl√
2
)
e
i kl√
2
ex,
p (r3) =
0α
∣∣µt
c
∣∣ gEM (r3, r0)
1 + 3α2α0 g1 (kl) e
ikl − 3α2α0 g2
(
kl√
2
)
e
i kl√
2
ez,
p (r4) = −
0α
∣∣µt
c
∣∣ gEM (r4, r0)
1 + 3α2α0 g1 (kl) e
ikl − 3α2α0 g2
(
kl√
2
)
e
i kl√
2
ez, (F45)
we get
4∑
i=1
ey · [nr0ri × p (ri)] = 0α
∣∣∣µt
c
∣∣∣ gEM (r1, r0) + gEM (r2, r0) + gEM (r3, r0) + gEM (r4, r0)
1 + 3α2α0 g1 (kl) e
ikl − 3α2α0 e
i kl√
2 g2
(
kl√
2
) . (F46)
Using gEM (r1, r0) = gEM (r2, r0) = gEM (r3, r0) = gEM (r4, r0), we obtain the emission rate enhancement
P antrad
P fsrad
= 1 +
0α0∣∣µt
c
∣∣ Im 4∑
i=1
{gME (r0, ri) ey · [nr0ri × p (ri)]} , (F47)
= 1− 40α0Im
 0αg2EM (r0, r1)
1 + 3α2α0 g1 (kl) e
ikl − 3α2α0 g2
(
kl√
2
)
e
i kl√
2
 . (F48)
where gME (ζ = k |r0 − r1|) = −gEM (ζ = k |r0 − r1|) = 32α00 eiζ
(
1
ζ − 1iζ2
)
, and ζ = k |r0 − r1| = kl2 . Finally, we
employ the link between the quantum and classical formalisms [47], i.e.
Γant
Γ0
= 1− 40α0Im
 0αg2EM (r0, r1)
1 + 3α2α0 g1 (kl) e
ikl − 3α2α0 g2
(
kl√
2
)
e
i kl√
2
 (F49)
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